INTRODUCTION
Circadian rhythms are approximately 24-hr, cell-autonomous biological rhythms observed in virtually all living organisms. The mammalian circadian pacemaker resides in the hypothalamic suprachiasmatic nuclei (SCN). Daily physiological and behavioral activity patterns are regulated by the SCN, which is synchronized to ambient light/dark (LD) cycles via direct connections from retinal ganglion cells in the retina. Thus, circadian photoentrainment enables organisms to enhance their fitness by anticipating daily changes in food availability and predator activity. Melanopsin (Opn4) and classical rod-cone photoreceptive systems are widely believed to provide all photic input required for circadian photoentrainment (Hattar et al., 2003; Panda et al., 2003) , and a potential role for other photopigments has not been addressed. Opn5 is a deep brain photopigment that regulates seasonal reproduction in birds (Nakane et al., 2010 (Nakane et al., , 2014 Yamashita et al., 2010) . In mammals, Opn5 is expressed in selected retinal ganglion cells and exhibits an absorption maximum in the UVA range (l max = 380 nm) Yamashita et al., 2014) . Although mammalian Opn5 has been demonstrated to be involved in the photoentrainment of local circadian clocks in the retina and the cornea, its involvement in photoentrainment of the SCN remains unclear (Buhr et al., 2015) .
RESULTS AND DISCUSSION

Generation of Mice Deficient in Opn5 and Classical Rod-Cone Photoreceptors
To assess the physiological function of mammalian Opn5 in vivo, we generated Opn5-null (Opn5 À/À ) mice ( Figures 1A-1D ). Since mice also possess a UVA-sensitive cone opsin (Opn1sw; l max = 360 nm), we generated mice deficient in Opn5 and classical rod-cone photoreceptors (Opn5 À/À ; rd1/rd1) by breeding Opn5-null mice with CBA/J mice harboring the retinal degeneration (rd1) mutation. Because the genetic background of Opn5-null mice was C57BL/6J, F2 hybrids of the parental strains were used to minimize the effect of genetic background, as suggested by the Jackson Laboratory. To examine the effects of Opn5 deficiency and the rd1 mutation on retinal morphology, we performed immunohistochemistry and analyzed the expression of different opsins. Information about the antibodies used is given in Table S1 . The retina of Opn5-null mice was indistinguishable from that of wild-type (WT) mice, and immunopositive signals for rod (Rho) and cone (Opn1sw; Opn1mw) opsins and melanopsin (Opn4) were observed ( Figure 1E ). By contrast, although the rd1 mutation caused severe retinal degeneration and abolished the rod-cone photoreceptor layer, the retinal ganglion cell layer was intact and melanopsin expression was clearly observed in both rd1/rd1 and Opn5
; rd1/rd1 mutants ( Figure 1E ). Note that we have generated several antibodies against Opn5, but none of them were specific; therefore, we were unable to examine the expression of Opn5 in the different mutant mice.
Impaired Re-Entrainment to UVA-LD Cycles in Opn5-Null Mice
We then compared photoentrainment to UVA-LD cycles in WT mice, Opn5 À/À and rd1/rd1 single mutant mice, and Opn5
; rd1/rd1 double mutant mice. Absorption spectra of the retinal photopigments present in these mice are illustrated in Figure S1A . Mice were initially kept under white-LD cycles and then transferred to UVA-LD cycles (l p = 365 nm, Figure S1B ); wheel-running activity was recorded to measure entrainment ( Figure 2A ). The intensity of the UVA light was decreased every 2-10 weeks, concomitant with a 2-hr advance of the LD cycle, as described previously (Butler and Silver, 2011) . Entrainment to the advanced UVA-LD cycles was determined by a transient interval of a free-running rhythm with a period shorter than 24 hr, which was then followed by a 24-hr rhythm with a stable phase angle of entrainment.
Double mutant mice (Opn5
; rd1/rd1) required more days for re-entrainment to new UVA-LD cycles than WT mice ( Figure 2B ), whereas the single mutants (Opn5 À/À and rd1/rd1) exhibited intermediate phenotypes ( Figure 2B ) (e.g., WT: $12 days, rd1/rd1: $20 days, Opn5
; rd1/rd1: $30 days at a log photon flux of 12.7). Half-maximal intensities (I 50 ) for entrainment were higher for single and double mutant mice than for WT mice ( Figures 2C and 2D ). Although differences in the free-running period can affect the duration and light intensity required for re-entrainment, the free-running period of ; rd1/rd1 mice, respectively. Arrows indicate immunopositive signals. RPE, retinal pigment epithelium; PRL, photoreceptor layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar: 50 mm. See also Figure S1A and Table S1. all 4 genotypes did not differ significantly ( Figure S2 ). Together, these results demonstrated that Opn5 À/À and rd1/rd1 mice exhibit significantly slower rates of re-entrainment to UVA-LD cycles than WT mice.
Although Opn5
À/À ; rd1/rd1 mice exhibited severe impairment in circadian photoentrainment, they were able to entrain to the higher intensity UVA-LD cycles, suggesting the involvement of additional photopigments. In the rd1/rd1 retina, most rods degenerate rapidly (within the first week after birth) and all rods disappear completely by about 7 weeks of age. By contrast, cones degenerate much more slowly, with some surviving for at least 18 months (Carter-Dawson et al., 1978) . The involvement of UVA-sensitive cones in circadian photoentrainment is well established (van Oosterhout et al., 2012; Yoshimura and Ebihara, 1998) . Therefore, it is possible that the remaining UVA-sensitive cone opsins and/or melanopsin may mediate UVA-dependent circadian photoentrainment in Opn5
; rd1/rd1 mice.
Impaired Phase Shifting and Fos Induction to UVA Light Pulses in Opn5-Null Mice
To further evaluate the ability of Opn5-null mice to respond to light for circadian functions, we examined the effect of phase-shifting light pulses under constant darkness (Figure 3) . A single 15-min light pulse was given 4 hr after activity onset (i.e., circadian time 16). Retinal degenerate (rd1/rd1) mice showed decreased phase shifts to both UVA and orange light pulses (l p = 602 nm, Figure S1B ) compared with WT mice (Figures 3A-3D ). This is most likely due to the loss of classical photoreceptors, whose contribution to irradiance encoding and regulation of circadian rhythms is well known (Altimus et al., 2010; Lall et al., 2010; van Diepen et al., 2013; van Oosterhout et al., 2012; Yoshimura and Ebihara, 1996, 1998) . Although Opn5 À/À mice showed impaired phase shifting to UVA light pulses ( Figures 3A and 3C ), they showed normal phase shifting to orange light pulses ( Figures 3B and 3D ), indicating that impaired photoresponses observed in Opn5 À/À mice are UVA light specific. We also examined the induction of neuronal activation marker, Fos mRNA, in the SCN by UVA light (single 15-min pulse at a log photon flux of 12.3 cm À2 s À1 ). These results showed that UVA-dependent Fos induction was significantly decreased in Opn5 À/À and rd1/rd1 single mutant mice, as well as in Opn5
; rd1/rd1 double mutants ( Figure 3E ). However, the phenotype was much more severe in double mutant mice (Opn5 À/À ; rd1/rd1) than in the single mutants (Opn5 À/À and rd1/rd1) and correlates well with our phase shifting results in Figure 3C . Panda et al., 2003) . The illuminance under direct sunlight is approximately 100,000 lx, whereas that of sunrise or sunset on a clear day is approximately 400 lx. Thus, it is possible that the illuminance (i.e., 100-800 lx) and/or wavelengths (i.e., white light but not UVA light) used in these previous studies were not sufficient to stimulate Opn5. We therefore examined circadian photoentrainment to UVA-LD cycles in Opn4
À/À ; Gnat2 À/À TKO mice (Gnat1/2: guanine nucleotide-binding protein a transducin 1/2), which have mutations in all known circadian photoreceptor pathways ( Figure S1A ). WT and TKO mice were initially kept under white-LD cycles and then transferred to UVA-LD cycles. The intensity of UVA light was adjusted every 3-7 weeks. WT mice could entrain to white-and UVA-LD cycles, except at very low intensities of UVA light (log photon flux of 8.5-9.5 cm À2 s
À1
); however, TKO mice failed to entrain to LD cycles of white light and all intensities of UVA light (Figure 4) . Although 2 of 6 TKO mice (#1 and #2) showed free-running periods close to 24 hr, they failed to entrain to advanced UVA-LD cycles (Figure 4) . These results demonstrated that the UVA-sensitive photopigment Opn5 alone is not sufficient for photoentrainment of the circadian pacemaker. 
Conclusions
In the present study, we demonstrated impaired photoentrainment to UVA light in Opn5-null mice. However, Opn4
; Gnat2 À/À TKO mice that lack melanopsin and functional rod-cone photoreceptors, but still possess Opn5, failed to photoentrain to LD cycles of both white and UVA light. This means that Opn5 is required for maximum UVA sensitivity, but it alone is not sufficient for entrainment to UVA-LD cycles. Although it is possible that Gnat1 and/or Gnat2 are involved in the phototransduction of Opn5, this seems unlikely, since they are thought to be expressed in different cell types, with Opn5 being expressed in retinal ganglion cells and Gnat1/2 in rod and cone photoreceptors, respectively (Buhr et al., 2015) . The mammalian retina itself has a local circadian clock (Buhr and Van Gelder, 2014; Tosini and Menaker, 1996) , which is photoentrainable in vivo and ex vivo and does not require the SCN. Photoentrainment of the retinal clock is mediated by Opn5 and not by melanopsin or rod-cone photoreceptors (Buhr et al., 2015) . Thus, the retinal circadian clock is likely to be disrupted in Opn5 À/À mice. Many retinal functions are known to be under the control of the circadian clock. For example, photoreceptors undergo daily cycles of renewal and shedding of outer segment disc membranes, which are fundamental for the maintenance of photoreceptor health (La Vail, 1976) . Rod and cones are anatomically coupled by gap junctions, and the retinal circadian clock controls the extent and strength of rod-cone electrical coupling, leading to changes in retinal sensitivity between the daytime and nighttime (Ribelayga et al., 2008) . Furthermore, disruption of the retinal circadian clock has been demonstrated to result in abnormal retinal transcriptional responses to light and defective inner retinal electrical responses to light (Storch et al., 2007) . It is therefore plausible that the impaired photoentrainment we observed in Opn5-null mice is caused by disruption of the retinal circadian clock.
Although Opn5 is expressed in retinal ganglion cells, it alone is not sufficient for photoentrainment of the circadian pacemaker in the SCN. However, remarkably, Opn5 still contributes to circadian light responses even in the presence of functional rods, cones, and melanopsin light responses.
Limitations of the Study
Our study focused primarily on behavioral analysis of circadian locomotor activity of various mutant mice (except Figures 1 and 3E ). Therefore, we do not fully understand the underlying mechanism of impaired photoentrainment and phase shifting in Opn5-null mice. Further molecular analysis of the retina of Opn5-null mice might be required in future studies to characterize this mechanism.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file. Values represent the mean ± SEM. No significant differences were observed between genotypes (p > 0.05, one-way ANOVA followed by Scheffé's post-hoc test; n = 6-8). Table S1 . Antibodies used in this study. Related to Figure 1E .
SUPPLEMENTAL INFORMATION
Transparent Methods
Animals
Male and female F2 progeny generated by intercrosses between Opn5 -/-mice (C57BL/6J background) and rd1/rd1 mice (CBA/J strain) were used in this study. Opn4 -/-; Gnat1 -/-; Gnat2 -/-mice (hybrids between C57BL/6N and 129S strain) were also used in this study. All animals were kept in a controlled environment (white-LD cycle [12/12-hr]; room temperature 22-24°C) until experiments were performed. Food and water were provided ad libitum. All animal procedures in this study were approved by the Animal Experiment Committee of Nagoya University.
Generation of Opn5-null mice
We manipulated the murine Opn5 locus by targeted replacement of the Opn5 gene with a cDNA encoding EGFP (Clontech) ( Figure 1A ). In the targeting construct, the EGFP gene replaces 127 bp of the first exon of Opn5 starting from the translational start site. Genomic fragments flanking the murine 
Immunohistochemistry
Mice were deeply anesthetized with isoflurane and perfused with saline followed by neutral buffered formalin (NBF). Brains were removed, post-fixed for 24 hr in NBF and soaked in 20% sucrose in 0.1
